Anabaena sp. strain PCC 7120 was purified to homogeneity. The native enzyme is composed of two identical subunits (Mr, 57,000) Cyanobacteria are oxygenic photosynthetic prokaryotes that have an incomplete tricarboxylic acid cycle because they lack a-ketoglutarate dehydrogenase and succinyl-coenzyme A synthetase activities (42, 49). Thus, the isocitrate dehydrogenase (IDH) reaction constitutes a terminal step in carbon flow in these organisms. The product, a-ketoglutarate, provides the carbon skeleton required for ammonium assimilation through the glutamine synthetase-glutamate synthase pathway (35) and represents a key metabolite in the linking of nitrogen and carbon metabolism. On the other hand, the NADPH formed by the IDH reaction has been proposed to play an essential role in nitrogen-fixing cyanobacteria by reducing ferredoxin, which is the electron carrier in the N2 fixation of heterocysts (5).
showed high sequence similarity to the E. coli enzyme (59%o identity) and with IDH1 and IDH2, the two subunits of the heteromultimeric NADI-IDH from Saccharomyces cerevisiae (30 to 35% identity); however, a low level of similarity to NADP+-IDHs of eukaryotic origin was found (23% identity). Furthermore Cyanobacteria are oxygenic photosynthetic prokaryotes that have an incomplete tricarboxylic acid cycle because they lack a-ketoglutarate dehydrogenase and succinyl-coenzyme A synthetase activities (42, 49) . Thus, the isocitrate dehydrogenase (IDH) reaction constitutes a terminal step in carbon flow in these organisms. The product, a-ketoglutarate, provides the carbon skeleton required for ammonium assimilation through the glutamine synthetase-glutamate synthase pathway (35) and represents a key metabolite in the linking of nitrogen and carbon metabolism. On the other hand, the NADPH formed by the IDH reaction has been proposed to play an essential role in nitrogen-fixing cyanobacteria by reducing ferredoxin, which is the electron carrier in the N2 fixation of heterocysts (5) .
Although NADP+-dependent and NAD+-dependent IDHs (EC 1.1.1.42 and EC 1.1.1.41) have been described in prokaryotes, most bacteria have only the NADPt-liriked enzyme (10) . In certain cases, the same enzyme is capable of using both pyridine nucleotides (31) . The most extensively studied prokaryotic NADP+-IDH is that of Escherichia coli, which is a homodimer regulated by phosphorylation (30) and is involved in the Krebs cycle (50) .
In eukaryotes, oxidative decarboxylation of isocitrate is catalyzed by three different isozymes that vary in subunit structure and cofactor specificity. NAD+-dependent IDH from eukaryotic sources functions as an oligomeric enzyme that is subject to extensive allosteric regulation and is implicated in NADP+-ISOCITRATE DEHYDROGENASE FROM CYANOBACTERIA 2719 ized the NADP+-IDH from this cyanobacterium and compared its molecular properties with those of other prokaryotic IDHs. On the other hand, our results indicate that the icd gene is essential for Anabaena growth.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. This study was carried out with the cyanobacterium Anabaena sp. strain PCC 7120 cultivated photoautotrophically at 30°C with shaking in BG11 medium (44) . For purification, it was grown in 20-liter Pyrex bottles under N2-fixing conditions and bubbled with air. Cells were harvested by continuous-flow centrifugation at 7 ,000 x g and kept frozen at -20°C until needed. Selective growth of exconjugants was in BG11 medium supplemented with neomycin (25 or 100 ,ug ml-l). The growth phenotype of strain MAl was tested in 50-ml cultures of BG11 medium, BG110 (without combined nitrogen), or modified BG11 medium with 5 mM NH4Cl instead of nitrate; the media were buffered with 10 mM N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES) and, where indicated, supplemented with 5 mM a-ketoglutarate, 3 mM L-proline, or 0.5 mM glutamate. All of the liquid cultures of MA1 contained 10 ,ug of neomycin ml-'.
E. coli DHSa (Bethesda Research Laboratories), used for all plasmid constructions, and E. coli HB101 (6) , used for conjugation, were grown in Luria broth as described by Sambrook et al. (46) . E. coli DEK 2004, a tip icd recA mutant strain, was grown in Luria broth supplemented with 100 jig of ampicillin ml-1 when necessary or in morpholinepropanesulfonic acid (MOPS)-based medium (39) supplemented with glucose (0.5%) and the appropriate amino acids (0.5 mM).
The plasmids used were pMA1, pMA2, and pMA3, which are pBluescript SK(+) derivatives with fragments of 6, 3, and 2.1 kb, respectively, of Anabaena genomic DNA that contain the icd gene. pRL277 is a streptomycin-spectinomycin-resistant mobilizable vector (4), pRL443 is a conjugative plasmid (15), pRL528 is a helper plasmid for conjugation (15) , and pTK513 is a pUC-derivative plasmid containing the icd gene from E. coli.
Purification and characterization of NADP-specific IDH.
NADP+-specific IDH activity was measured in 50 mM potassium phosphate (pH 7.5) containing 3 mM MgCl2, 1 mM isocitrate, and 0.4 mM NADP+ in a final volume of 1 ml, following the reduction of NADP+ at 340 nm (38 dure (46) . After 1 h of enrichment at 37°C in Luria broth, the cells were washed with MOPS medium and plated on solid MOPS medium supplemented with glucose (0.5%), tryptophan (0.5 mM), and ampicillin (40 pLg ml-1). Plates were incubated at 37°C until glutamate prototroph colonies appeared.
Recombinant DNA techniques and nucleotide sequencing. Total DNA from cyanobacteria was isolated as described by Cai and Wolk (8) . Plasmid isolation from E. coli, transformation of E. coli, restriction, and ligation with T4 ligase were performed by standard procedures (1, 46) . DNA fragments were purified from agarose gels with the Gene-Clean Kit (Bio 101, Inc). For Southern hybridizations, DNA was digested and fragments were electrophoresed in 0.7% agarose gels in a Tris-borate-EDTA buffer system (46) . Transfer of DNA to Z-Probe membranes (Bio-Rad Laboratories) was done under vacuum, and Southern blot hybridizations were performed as described in reference 1. DNA probes were 32p labelled by the random primer technique with [a_-3P]dCTP.
Sequencing of the DNA fragment containing the icd gene was carried out by the dideoxy-chain termination method (47) with Sequenase version 2.0 (U.S. Biochemical Corp.). Nested unidirectional deletions were generated with the doublestranded Nested Deletion Kit from Pharmacia LKB. Computer searching for homologies was done with the FASTA program, and alignments were produced with the Pileup program using default parameters (13) .
Insertional mutagenesis of the icd gene in Anabaena sp. strain PCC 7120. The method of sacB-mediated positive selection for double recombinants in Anabaena sp. strain PCC 7120 (8) was used to mutagenize the icd gene. An Nmr cassette (C.K1) (14) , HincII ended, was cloned into an XmnI site of pMA2 internal to the ied gene. The resulting plasmid was HincII-SmaI digested, and the fragment containing the disrupted icd gene was cloned into the XbaI site of sacB mobilizable vector pRL277. This plasmid was transferred toAnabaena sp. strain PCC 7120 by conjugation with conjugal plasmid pRL443 and helper plasmid pRL528 as described by Elhai and Wolk (15) . After triparental mating, cells were spread onto filters (REC-85; Nuclepore), set atop solidified BG11 medium supplemented with 5% Luria broth, and incubated for 45 h at 30°C under low light. Filters were then transferred to BG11 plates containing 25 ,ug of neomycin ml-and further incubated under growth conditions for 25 days; exconjugants were restreaked on agar plates containing neomycin and 5% (wt/vol) sucrose. Double recombinants were identified by their sucroseresistant, neomycin-resistant, streptomycin-spectinomycin-sensitive phenotype (streptomycin-spectinomycin resistance was provided by the vector part of the transferred plasmid) and by Southern blot analysis.
Nucleotide sequence accession number. The EMBL-GenBank accession number for the sequence described here is X77654.
RESULTS
Purification and properties of NADP+-IDH. We previously determined that NADP+-IDH activity in Anabaena sp. strain PCC 7120 grown on different nitrogen sources exhibits the highest values under dinitrogen-fixing conditions with respect to cells grown in a combined nitrogen source (38) , so purification was done with cells grown in nitrogen-free medium (BG110).
NADP+-IDH from Anabaena sp. strain PCC 7120 was very labile in response to column chromatographic techniques; however, reasonable recoveries and maintenance of enzyme activity were achieved by adding stabilizing agents (2 mM 2-mercaptoethanol, 1 mM sodium citrate, 5 mM MgCl2, and 5% [vol/vol] glycerol) to the separation buffer. In Materials and Methods, a purification scheme is described that utilizes sequential column chromatography steps, including DEAEcellulose, Reactive Red-agarose and Phenyl-Sepharose.
As shown in Table 1 , this procedure gave 430-fold purification and yielded 4.33 mg of the purified enzyme from 60 g of cells. Figure 1 shows an SDS-polyacrylamide gel of samples from each step of the purification scheme; the final product appeared to be a single, essentially homogeneous polypeptide with a molecular weight of approximately 57,000. The enzyme has a native molecular mass of 108 kDa, as determined by molecular-exclusion chromatography on Sephacryl S-300 (data not shown). These data suggest that the Anabaena enzyme is a homodimer, as are other NADP+-specific IDHs from prokaryotes and eukaryotes. Isoelectric focusing of the purified NADP+-IDH gave an isoelectric point of 5.5. The heat inactivation profile indicated that 50% of the enzyme activity remained after 20 min of incubation at 60°C. NADP+-IDH was also found to be catalytically active over a wide pH range, with 75% of maximal activity occurring between pHs 7.5 and 9.5 and optimal activity at pH 8.5.
The 30 and 8% inhibition, respectively, but the combination of 1 mM oxaloacetate plus 1 mM glyoxylate inhibited the activity by 99%, probably by mimicking the substrate, isocitrate.
Anabaena NADP+-IDH cross-reacted with antibodies raised against the purified NADP+-IDH from the unicellular cyanobacterium Synechocystis sp. strain PCC 6803 (38) , as shown in the immunotitration curve in Fig. 2A the relative mobility of the NADP+-IDH activity encoded by the cloned DNA was identical to that of the NADP+-IDH purified from Anabaena extracts but different from that of E. coli IDH (Fig. 3) . Furthermore, the polyclonal antibodies raised against purified Synechocystis NADP+-IDH, which cross-reacted with purified Anabaena NADP+-IDH ( Fig. 2A) (Fig. 2B) , confirming that the NADP+-IDH expressed from pMA3 was the Anabaena NADP+-IDH.
Nucleotide sequence analysis. Nested deletions were generated from pMA3 with exonuclease III, and a number of the resulting subclones were checked for the ability to complement the E. coli icd mutant and used for sequencing. Both strands of DNA were sequenced. The complete nucleotide sequence of the icd gene and translation of the open reading frame into a 473-residue amino acid sequence are shown in Fig. 4 . The coding region ends with a TAA stop codon and can encode a polypeptide with a calculated molecular mass of 52,194 Da, which is similar to the molecular mass determined for the purified Anabaena NADP+-IDH subunit.
A putative ribosome-binding site (GGAG) is present 10 nucleotides upstream from the putative translation start site (Fig. 5) . In the region of DNA upstream of the ATG codon, sequences related to the -35 and -10 consensus promoter regions of Anabaena genes were not identified, but six imperfect repeats of a seven-nucleotide sequence (consensus, 5'-CCCCAAT-3') was found.
A search of the SWISS-PROT and EMBL-GenBank data bases revealed that theAnabaena NADP+-IDH is homologous to other IDHs and IMDHs sequenced from prokaryotic or eukaryotic organisms (Fig. 5) Figure 5 shows a multiple alignment of several published IDH sequences. Two different IDH groups can be established from this sequence analysis on the basis of sequence similarity. One is formed by the NADP+-IDHs of eucaryotic origin only, and the other includes the procaryotic IDHs and S. cerevisiae NADP+-IDH subunits IDH1 and IDH2 (11, 12) . The sequences of the first group, composed of the mitochondrial NADP+-IDH from porcine heart (19) and S. cerevisiae (20) and an NADP+-IDH from alfalfa (48) , are more than 60% identical. The similarity in primary structure and cofactor specificity between these enzymes may suggest that their metabolic roles are also analogous. The sequences of the second group are more heterogeneous, and this group includes different cofactor specificities, as well as prokaryotic and eukaryotic sources; E. coli and Anabaena IDHs display the highest level of sequence identity (59%).
The E. coli enzyme has been extensively studied, and structural analysis by X-ray crystallography has identified the residues implicated in isocitrate and NADP+ binding (24, 25 The main difference between the Anabaena and E. coli IDH primary structures is an insertion of 44 amino acid residues in the C terminus of the Anabaena protein. In fact, a large gap needed to be introduced into the E. coli sequence to obtain the alignment shown in Fig. 5 . This extra stretch (amino acid residues 286 to 329) is a hydrophilic region with a predicted ot-helix secondary structure located within the small ct/I domain (a typical ot/, sandwich structure) described in the E. coli enzyme (26) .
The amino acid sequence of Anabaena NADP+-IDH also showed significant similarity to those of IMDHs from different sources. The fact that the sequence homology between cyanobacterial (Anabaena) IDH and (Spirulina) IMDH is not significantly higher than that found between Anabaena IDH and IMDHs from other sources suggests that these evolutionarily related enzymes diverged before the divergence of the cyanobacterial group.
The nucleotide sequence shown in Fig. 4 has a remarkable feature. Upstream of the icd gene, there are six imperfect copies of a 7-bp repeating sequence that has the consensus sequence CCCCAAT. This motif has also been found 3' from hetA (22) , at the 3' end of nifB, and between nifS and nifU in Anabaena sp. strain PCC 7120 (37) . Heptanucleotides with different consensus sequences (e.g., CAAATGA, CTAATGA, AGTCATT, and CCCCAGT) have been detected in heterocystous cyanobacteria near genes related to amino acid biosynthesis (17, 41) , in the internal part of the RNA of RNase P (52) :KMM; mo. -y or in the coding region of nifJ (2) . The function of these repeats has not been determined, but it has been proposed that they might be the target of specific DNA-binding proteins (33) , play a role in transcription (perhaps modulating the levels of downstream transcripts [37] ), or play a role as a specific target for transposable elements or a hot spot for chromosome breakage in the DNA repair mechanism (2) . The fact that these heptamer repeats are in some cases transcribed and translated, along with the lack of clear promoter sequences in the icd 5' flanking region, could indicate that in our case these repeats are also transcribed, being the promoter of icd far away from this region. It may be significant that the heptanucleotides found upstream of Anabaena IDH have the same consensus sequence (CCCCAAT) as those found near genes involved in heterocyst differentiation (hetA) or nitrogen fixation (nifBNSV operon, nifJ), since IDH has been proposed to have a role in electron donation to nitrogenase (5, 27) (see below).
Metabolic role of NADP+-IDH. The fact that under the conditions used in this work, efforts to obtain a completely segregated icd mutant were unsuccessful strongly suggests that NADP+-IDH is essential for growth of Anabaena sp. strain PCC 7120. On the other hand, the gene cloned seems to be the only one encoding an IDH enzyme in this cyanobacterium.
NADP+-IDH is generally considered to be the enzyme responsible for supplying the cx-ketoglutarate precursor for glutamate biosynthesis (10) . In cyanobacteria, the IDH has the general role of providing the carbon skeletons needed for ammonium assimilation through the glutamine synthetaseglutamate synthase pathway (21) . However, a potential physiological role of IDH as an electron donor to nitrogenase has also been proposed in different heterocystous cyanobacteria (5, 27) . The pool of NADPH is linked through the ferredoxin: NADP oxidoreductase to ferredoxin, which serves as the immediate donor to nitrogenase (21) .
The growth phenotype of strain MAl (the partially segregated icd mutant), which is unable to grow on nitrogen-free medium without a-ketoglutarate, points to an essential role of IDH in the carbon skeleton provision for heterocysts; the level of IDH activity present in the mutant strain (10% of that of the wild type) seems not to be enough to maintain nitrogen assimilation in conditions of N2 fixation. Since strain MAl is able to grow at reduced rates on medium containing nitrate or ammonium as a nitrogen source, the ac-ketoglutarate requirement must be higher on nitrogen-free medium, probably because ammonium assimilation is restricted to heterocysts under these conditions. This hypothesis agrees with the activity levels exhibited by the wild-type strain, which are higher under nitrogen-fixing conditions (38) .
The fact that NADP+-IDH is essential forAnabaena growth may also be due to an NADPH requirement, since a completely segregated icd mutant cannot be obtained even when ox-ketoglutarate is added to cultures. Another possibility for the essentiality of NADP+-IDH is that lack of this activity might lead to accumulation of toxic levels of citrate or isocitrate. In fact, it has been reported that Rhizobium meliloti and E. coli icd mutants spontaneously gave rise to mutants without citrate synthase activity (29, 34) . If spontaneous selection of IDH -CS -double mutants does not take place in Anabaena sp., accumulation of a toxic product may be the reason for the lethal effect of icd disruption observed in this organism.
In conclusion, isocitrate toxicity or an a-ketoglutarate requirement leads to essentiality of NADP+-IDH activity in Anabaena sp. strain PCC 7120.
